Excessive urine calcium excretion in patients with idiopathic hypercalciuria may involve a primary increase in intestinal calcium absorption, overproduction of 1,25-dihydroxyvitamin D3 or a defect in renal tubular calcium reabsorption. To determine the mechanism of hypercalciuria in an animal model, hypercalciuria was selected for in rats and the most hypercalciuric animals inbred. Animals from the fourth generation were utilized to study mineral balance and intestinal transport in relation to levels of serum 1,25(0H)2D3.
Introduction
Hypercalciuria is common in patients with calcium oxalate nephrolithiasis and contributes to urine calcium oxalate supersaturation (1, 2) . Intestinal calcium absorption is increased in almost all patients with excessive urine calcium excretion of genetic origin (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) , so called idiopathic hypercalciuria. The relationship between intestinal calcium overabsorption and hypercalciuria is unknown, but three hypotheses include: a primary overproduction of 1,25-dihydroxyvitamin D3 1 . Abbreviations used in this paper: Gt, tissue conductance; HF, hypercalciuric female; HM, hypercalciuric male; I, short circuit current; of 19,25(OH)2D3 biosynthesis; a primary increase in enterocyte calcium transport independent of 1,25(OH)2D3; and a primary renal tubular calcium transport defect or "renal leak" of calcium with compensatory increase in parathyroid hormone, 1,25(OH)2D3 and net intestinal calcium absorption (17, 18) . Each of the possible mechanisms is supported by observations in patients (17) (18) (19) (20) (21) (22) (23) .
In man it is difficult to separate the many factors, including dietary habits and genetic traits, which may contribute to the hypercalciuric syndrome. An animal model would be potentially valuable to test hypotheses regarding genetic and environmental components of hypercalciuria. Hypercalciuria occurs spontaneously among rats (24) , and mating of hypercalciuric rats results in enrichment of hypercalciuria among offspring (25, 26) . Our approach has been to establish a colony of genetically hypercalciuric rats through selective inbreeding and use them to explore the pathogenetic role of intestinal calcium absorption and 1,25(OH)2D3 in hypercalciuria. The present study describes genetic hypercalciuria in rats and the disturbances in mineral metabolism that may account for the hypercalciuria.
Methods
Establishment ofgenetic hypercalciuric rats. 20 male and 20 female adult Sprague-Dawley rats (Charles River Laboratories, Kingston, NY) were screened for hypercalciuria. The rats were placed in individual metabolic cages and allowed 5 d to adjust to the cage and diet. During this time, the animals were fed 13 g/d of a diet containing 0.6% calcium, 0.65% phosphorus, 0.24% magnesium, 0.4% sodium, 0.43% chloride, and 2.2 IU vitamin D3 per gram of food. Deionized distilled water was given ad lib. In previous studies, 5 d was sufficient to achieve stable values of fecal and urine calcium (27) (28) (29) (30) (31) (32) . Two successive 24- (Table II) , although all males excreted, absorbed, and retained more magnesium than all females.
Sodium and potassium balances were positive in all animals, however hypercalciuric males and females were in less positive balance because urine excretions ofsodium and potassium were greater than in sex-matched normocalciuric animals (Table III) . Urine calcium excretion was significantly correlated with urine sodium excretion for all four groups of rats combined over the 6 d of balance (r = 0.727, n = 49, P < 0.001, Fig. 2 ). (Table  IV) . HM tended to have higher Jnet than NM, and Jnet in HF was greater than in NF (Fig. 3) . The Compared to their respective sex controls, both the hypercalciuric male and female rats had increased urinary sodium excretion, which was correlated directly with urinary calcium when all four groups of rats were combined (Fig. 2) . Since calcium clearance is directly correlated with sodium clearance (41, 42) it is possible that the hypercalciuria in our inbred rats was secondary to a genetic increase in sodium clearance. A primary renal leak of calcium or sodium would be expected to cause negative or, at best, neutral balance (17) . However, both male and female hypercalciuric rats are in more positive calcium balance than their sex-matched normocalciuric controls (Table II) , thus eliminating a primary renal tubular defect in sodium or calcium transport as the sole cause of the hypercalciuria. In addition, sodium-induced hypercalciuria increases circulating 1,25(OH)2D3 levels (43) ; however, serum 1,25(OH)2D3 levels are not elevated in the hypercalciuric female rats, and are actually lower in the hypercalciuric male rats (Table V) (24) . Breeding the most hypercalciuric males and females resulted in more frequent and more pronounced hypercalciuria among offspring. By the fourth generation hyper- (27) (28) (29) . It is unclear if the increased net intestinal absorption in the hypercalciuric male and female rats is specific for calcium. There is no increase in magnesium absorption in either sex of hypercalciuric rats, and phosphorus absorption is not increased in the females. Additional balance and transport studies will be necessary to further define the extent of the abnormality in intestinal ion absorption.
The primary intestinal calcium overabsorption in the genetic hypercalciuric rats may be analogous to patients with absorptive idiopathic hypercalciuria who have increased intestinal calcium absorption with normal or slightly elevated 1,25(OH)2D3 serum levels (7, 12) . Increased serum 1,25(OH)2D3 has been demonstrated in some patients with idiopathic hypercalciuria (20, 47) , so absorptive hypercalciuria may be polygenic.
In the vast majority of patients with idiopathic hypercalciuria serum parathyroid hormone and urinary cAMP are normal (7, 9, 18, 20, 22 (25) . The increased calcium excretion in these rats was thought to be a function of diminished calcium reabsorption in the deep (inaccessible to micropuncture) nephrons (25) . The decreased renal tubular reabsorption of calcium was supported by persistent hypercalciuria in vitamin D-deficient animals whose serum 1,25(OH)2D3 and intestinal calcium transport rates were markedly reduced and were comparable to normocalciuric controls (26) . However, serum calcium did not fall in the hypercalciuric rats after an overnight fast, arguing against the hypothesis of decreased renal tubular calcium reabsorption. The hypercalciuric Wistar rats differ from our hypercalciuric animals in several ways. We screened for hypercalciuria while rats were consuming a diet adequate in calcium (0.6%), whereas their rats were screened on a very low calcium diet (. 0.03%), which would exclude animals who had a primary increase in intestinal calcium absorption. Our animals were in more positive calcium balance than the normocalciuric controls, whereas they found equivalent calcium balance in hyperand normocalciuric animals on low calcium diet in the vitamin D-deprived and repleted states (26) . Also, serum 1,25(OH)2D3 levels in our hypercalciuric animals were equivalent (females) or lower (males) than controls, not higher as they report. The breeding experiments reported in the present study and those described previously (25, 26) appear to have resulted in different mechanisms of hypercalciuria through selection of different defects in calcium metabolism.
Over 99% of the total body calcium and a substantial amount of body sodium and potassium are localized within the bone mineral (48) . Compared to sex-matched controls the increased retention ofcalcium and decreased retention ofboth sodium and potassium in the male and female hypercalciuric rats suggest that calcium may substitute for potassium and/or sodium in the bone mineral (49). Further studies, perhaps using the scanning ion microprobe to determine the surface ionic composition of bone, will be necessary to determine if there are abnormalities in the bone in the hypercalciuric rats (49). Absorptive hypercalciuria has been described in one family with a pattern suggestive of a dominant mode of inheritance through four generations (14) . The similarity between these familial forms of idiopathic hypercalciuria and genetic hypercalciuric animals suggests that insights into pathogenetic mechanisms can be tested in future generations of rats.
